Abstract MicroRNAs (miRNAs) are a novel class of small noncoding RNAs that regulate gene expression by targeting mRNAs for either cleavage or translational repression. They have been shown to play important roles in a broad range of biological processes including development, cellular differentiation, proliferation and apoptosis. Conventional detection methods, such as northern blot, realtime PCR or microarray, have been used to assess miRNA expression. However, these techniques require the fixation or lysis of cells, and thus cannot be used to study the dynamic function of miRNAs in living cells. Recent remarkable advances in molecular imaging techniques have provided the capability of noninvasive repeated quantitative imaging of tumour or stem cells in living animals. The current brief discussion focuses on the reporter and fluorescent beacon imaging approaches to visualize miRNA expression in living subjects.
Introduction
Mature microRNAs (miRNAs) are single-stranded, small noncoding RNAs of approximately 21 nucleotides that act as post-transcriptional regulators of gene expression in animals and plants. The biogenesis of miRNAs is initiated from primary miRNAs (pri-miRNAs) of length 1-3 kb, which are mostly transcribed from intragenic or intergenic regions by RNA polymerase II [1] . The primary transcripts undergo further processing in the nucleus, resulting in a hairpin intermediate of about 70-100 nucleotides, called pre-miRNAs [2] . The pre-miRNAs are then transported out of the nucleus to the cytoplasm and processed by another ribonuclease, Dicer, into a mature double-stranded miRNA [3] . After strand separation, the guide strand or mature single-stranded miRNA is incorporated into RNA-induced silencing complex (RISC), whereas the passenger strand (mRNA) is commonly degraded [4] . miRNAs function by complete or partial complementary base pairing with 3′ untranslated regions (UTRs) of target mRNAs, and thereby elicit mRNA degradation or translational inhibition [5] . The human genome may encode more than 1,000 miRNAs, which are estimated to regulate about 60% of mammalian genes [6] [7] [8] . A growing body of evidence suggests that miRNAs play vital regulatory roles in a vast range of biological processes, including early development, cellular differentiation, proliferation and apoptosis [9] [10] [11] [12] . Recent studies have uncovered both tumour suppressive and oncogenic potential of a number of miRNAs [13, 14] , underscoring their importance in human cancer. Consequently, intensive efforts have been made to develop miRNA-based therapy based on the rationale that restoring normal miRNA programs in the cancer cell may rewire the cell connectivity map and reverse cancer phenotypes [15] .
As the miRNA field continues to evolve, efficient and reliable detection of miRNAs is an essential step towards the understanding of their roles in diverse regulatory pathways, which will certainly affect the development of miRNA-based therapies. Conventional methods including northern blot, real-time PCR and microarray have been widely used to measure the expression level of endogenous miRNAs [16] [17] [18] . Northern blot and its variants have often been used to validate miRNA expression since the discovery of miRNA [19, 20] . Other multiplexed singlemiRNA approaches, such as a modified invader assay [21] and quantitative RT-PCR of pre-miRNAs [22] or mature miRNAs [23] , are more sensitive and require low amounts of starting material. Later, oligonucleotide microarraybased detection platforms were developed and are the most-used approach to miRNA high-throughput profiling [24, 25] . Recently, Taqman Low Density Arrays [26, 27] and next-generation sequencing (i.e. deep sequencing) [28, 29] have emerged as the most effective high-throughput technologies for miRNA profiling.
However, these techniques are time-consuming and laborious, and cannot be performed repeatedly on the same subjects. Most importantly, they require the fixation or lysis of cells and thus cannot be used to study the dynamic function of miRNAs in living cells. Therefore, a noninvasive monitoring approach capable of repeated image acquisition is needed to evaluate miRNA expression patterns in vivo and to further translate the developments in miRNA detection into clinical practice. Here, we review recently developed miRNA imaging strategies that assist our understanding of the biogenesis and biological function of miRNAs in vivo and for monitoring miRNAs in human diseases.
Fluorescent protein-based miRNA imaging
Since green fluorescent protein (GFP) from the jellyfish Aequorea victoria was discovered in 1962, it has been used extensively to visualize subcellular compartments or to track specific molecules within cells. To date, many different fluorescent proteins with emission spectra peaks in the visible and near-infrared regions have been applied to in vivo imaging [30] . Moreover, the unique emission wavelengths of these fluorescent proteins make multicolour imaging possible without fluorescent wavelength overlap.
A typical miRNA responsive fluorescent protein reporter system fuses the DNA fragment encoding the fluorescent protein with three or four miRNA targeting sites, which are usually complementary against the particular miRNA [31] . Multiple copies of a perfectly complementary target are used to optimize the repression of the transgene in the presence of the target miRNA [32] . Using this strategy, Brown et al. [33, 34] constructed a miRNA-regulated lentiviral vector by inserting four tandem copies of a 23-bp sequence (mirT) with perfect complementarity into several miRNAs of interest into the 3′-UTR of a GFP expression cassette driven by the ubiquitously expressed phosphoglycerate kinase promoter. The suppression of GFP expression was confirmed by the presence of miRNAs using flow cytometry and fluorescence microscopy [33, 34] .
Recently, Kato et al. [35] described a two-colour monitoring system to investigate the dynamic activity of specific miRNA in living cells. In this imaging system, three copies of complementary sequences against miR-133 were inserted in tandem between the GFP and CMV promoter of a retroviral vector, which encodes two different fluorescent proteins. Since miRNA functions through sequence-specific interactions with the target mRNA, the expression of miR-133 can reduce the level of GFP whose mRNA bears the complementary sequences against miR-133, but does not affect the level of red fluorescent protein (RFP). Thus, the RFP cassette was used as an internal control for normalization. Using these two fluorescent proteins as reporters, the activity of muscle-specific miRNA, miR-133, was successfully evaluated during myogenesis in C2C12 mouse myoblast cells. The same group also developed another lentiviral vector, in which complementary sequences against specific miRNAs were cloned between GFP and the poly(A) signal of a lentiviral vector encoding two differently coloured fluorescent proteins under the bidirectional control of two distinct promoters ( Fig. 1 ) [36] . Using this two-colour lentiviral system, adenoviral infection and consequent miRNA expression was successfully visualized by the reduction in GFP expression. In this system, RFP expression provides an endogenous reference to reduce the risk of fluctuating expression of the transgenes due to random integration of the lentiviral vector into the cellular genome.
However, in vivo small-animal imaging using these fluorescent proteins as reporters will suffer from autofluorescence background and limited tissue penetration of light, and consequently low signal-to-background contrast [37] . Eliminating these disadvantages has been the target of much research involving the development of new fluorescent proteins with emissions in the near-infrared range (700-900 nm), which have lower tissue absorption coefficients [30] . Using these new near-infrared proteins as reporters may be an alternative method for in vivo animal imaging.
Luciferase reporter-based miRNA imaging
The luciferase optical reporter genes, which include firefly luciferase (Fluc), Renilla luciferase (Rluc) and Gaussia luciferase (Gluc), have been widely used for the bioluminescence imaging (BLI) of living small animals. Fluc oxidizes its substrate beetle D-luciferin (benzothiazole) and emit light at about 562 nm [38] , whereas Rluc and Gluc use coelenterazine as substrate and emit light at about 480 nm. Due to the better tissue penetration of photons with longer wavelengths, Fluc is better than Rluc and Gluc for in vivo imaging. Besides, the biodistribution difference from the substrates could also influence the imaging results. Gluc emits light at an intensity 1,000-fold greater than that emitted by native Fluc and Rluc. Moreover, Gluc is stable at elevated temperatures and is the smallest luciferase known [39] , making it easier to use for constructing clones and cell transfection. Although lacking microscopic ability, BLI is superior to fluorescence imaging for in vivo imaging since the emitted light from BLI is virtually background-free [40] and can be used to detect very low-level signals.
The available imaging strategies based on luciferase reporter genes have been used to investigate not only the functional action of miRNAs but also the production patterns of miRNAs including the pri-miRNAs and the mature forms of miRNAs. Previous studies have demonstrated that pri-miRNAs are transcribed from the genome by RNA polymerase II, and the 5′-upstream region of genomic miRNA controls the long pri-miRNA transcripts [1] . To acquire images of the transcription activity of primiRNAs that were transcribed from the genome, Lee et al. [41] fused the 5′-upstream promoter region of pri-miRNA23a upstream to the cassette of pGL3-basic reporter gene vector containing a promoterless Fluc gene (Fig. 2a) . This miRNA-specific reporter vector was then transfected into cultured cells and implanted into nude mice. The results from BLI in living animals showed differences in endogenous expression levels of pri-miRNA-23a transcripts in 293 and P19 cells (Fig. 2c, d upper) . By applying this reporter system, the same group also monitored the highly expressed pattern of a brain-specific primary miR-9 (primiR-9) during neurogenesis [42] .
To investigate the expression of mature miR-221 in papillary thyroid carcinoma, Kim et al. [43] developed a Gluc imaging system in which three perfectly matched complementary sequences of miR-221 were fused immediately after the stop codon of the Gluc reporter vector. Then the transcript of this vector would be expected to be bound by endogenous miR-221, and thus the transcript of Gluc would be degraded or the translation of Gluc would be suppressed, resulting in a decrease in the bioluminescent signal. The in vivo imaging results revealed that Gluc activities were regulated according to miR-221 levels.
Previous studies have shown that several genes produce a large amount of pri-miRNAs but a low level of mature miRNAs during biogenesis, which is related to some unknown regulatory mechanisms [44] . The expression pattern of both pri-miRNAs and mature miRNAs were simultaneously assessed using a dual luciferase reporter system [41] , in which the Fluc gene was under the control of miR-23a promoter to monitor the primary transcript activity of miR-23a (Fig. 2a) , whereas three copies of the miR-23a complementary sequence were fused with the Gluc gene to monitor the targeting activity of mature miR23a (Fig. 2b) . After transfecting this dual luciferase reporter system into P19 cells, the Fluc signal for pri-miR-23a was increased while the Gluc signal for mature miR-23a was reduced. Conversely, the turnover from pri-miR-23a to mature miR-23a was much slower in 293 cells (Fig. 2c, d ). This discrepancy in the different levels of pri-miR-23a and mature miR-23a in 293 cells is possibly due to some unknown regulatory factors that control Drosha or Dicer processing steps or block the release of pri-miR-23a from the nucleus into the cytoplasm.
Unlike the reporter systems for imaging mature miRNAs, the reporter systems for imaging miRNA targets are based on the fact that the target sequence of a particular miRNA is known and the level of the miRNA activity is measured. By doing so, the 3′-UTR of the bona fide target gene of miRNA is fused immediately after the stop codon of the luciferase reporter vector. In this way, partial interaction between miRNA and the 3′-UTR region in the reporter gene constructs results in a reduction in the bioluminescent signal. Using this reporter system, Kim et al. [45] cloned the 3′-UTR of homeobox B5 (HoxB5), which has been verified as one of the miR-221 target genes, into the Gluc reporter gene. The in vivo bioluminescent signal from the Gluc reporter gene is significantly decreased by the presence of endogenous mature miR-221 during the development of papillary thyroid carcinoma. The same group also applied the same reporter system to monitor miR-124a-mediated repression of the target gene chromosome 14 open reading frame 24 (c14orf24) during neurogenesis [46] .
Fluorescence beacon-based miRNA imaging
Clinical translation of imaging based on reporter genes is limited since genetic modification of cells without substantially affecting their characteristics is a challenge. The sensitivity of this technique is determined by the reporter probe's pharmacokinetics and by the reporter gene expression level in the transfected cells. Besides, the reporters for imaging mature miRNAs or miRNA targets described above represent signal-off systems, as miRNAs bind and destabilize their target mRNAs. In this case, it is difficult to determine whether the observed signal-off data result from miRNA expression or cell death in vivo. In addition, signaloff systems are usually not sensitive due to the high background. Recently, several signal-on imaging strategies have been developed to image endogenous mRNA and miRNAs [47, 48] . Signal-on systems are advantageous for in vivo imaging because of their relatively low background.
Kang et al. [49] developed a molecular beacon (MB) and successfully imaged miR-206 and miR-26a biogenesis during myogenesis both in vitro and in vivo. The MB is composed of a single-stranded and stem-loop DNA oligonucleotide that is complementary to the target miRNAs. A reporter fluorophore is at one end of and a quencher is at the other end of the MB. In the absence of target miRNAs, the fluorophore and the quencher molecules are in close proximity, which results in fluorescence energy absorption by the quencher molecules. By contrast, by combining the complementary sequences of the MB, the presence of miRNAs when mature miRNA-26a or miRNA-206 is expressed and binds to the loop of each MB, will result in a conformational change that results in the separation of the fluorophore and quencher and the recovery of the fluorescence signal (Fig. 3) . This system also allows potential multiplex imaging of miRNAs since several dye-quencher pairs can be applied to a single cell simultaneously. Indeed, with cotransfection into a single cell, the miRNA-26a MB containing 6-FAM (absorbance/ emission wavelengths 494/525 nm) and BHQ1 and the miRNA-206 MB containing Texas Red-X (absorbance/ emission wavelengths 583/603 nm) and BHQ2, miR-26a and miR-206 expression in a single C2C12 cell were simultaneously monitored during myogenesis in vitro and in vivo.
The same group also reported a "smart" magnetic fluorescent nanoparticle to monitor intracellular miR-124a during neuronal differentiation. The nanoparticle was composed of cobalt ferrite in the central core and the fluorescent organic dye, rhodamine B isothiocyanate (RITC, excitation/ emission 555/578 nm), coated with a silica shell. Then a partially double-stranded oligonucleotide was conjugated with the carboxyl-terminal nanoparticles via amine-carboxyl interaction. The double-stranded oligonucleotide contained a miR124a binding sequence and a quenching oligonucleotide with BHQ1 on the 3′ end. With the dual magnetic fluorescent nanoparticle imaging probe, the authors showed enhanced fluorescence signals in mice with P19 cells after induction of neuronal differentiation. In addition, magnetic resonance (MR) images allowed in vivo cellular tracking with the MFmiR124a MB [50] .
Conclusion and perspectives
In view of the importance of miRNAs in diverse regulatory pathways, various noninvasive miRNA imaging techniques, based on different reporter genes, have been developed to monitor miRNA biogenesis and functions in vivo. The miRNA imaging system harbouring two different fluorescent proteins offers a useful approach to multicolour and real-time tracking of the dynamic activity of miRNAs of interest in living cells. However, when used for in vivo animal imaging, such reporter-based systems have the limitation of high background noise and low sensitivity compared to the luciferase-based reporter imaging system. The luciferase-based imaging system, in which the promoter region of miRNAs or the miRNA target sequence are fused with the luciferase reporter genes, provides noninvasive molecular imaging information regarding the production pattern and function of miRNAs. There are, however, two major concerns about both the reported bioluminescent and fluorescent reporter gene imaging systems. One concern is that they are signal-off systems in which the presence of functional miRNA will decrease the reporter signal, as a result of miRNAs binding and degrading their target mRNAs. To overcome the limitations of the signal-off problem in the reporter gene imaging systems, we have suggested a construct containing an inhibitory element [51] . The other concern is that the optical reporter genes remain a distant goal for clinical application due to the attenuation of optical signal in deep tissue and organs. Future research work may involve the development of more clinically relevant radionuclide or MR reporters for miRNA imaging [52] .
The newly developed MBs and nanoparticles are promising for direct in vivo miRNA imaging. However, the in vivo imaging using miRNA MBs discussed above is still preliminary since the MBs were incubated with cells in vitro first and a phantom was then developed with these MB-containing cells in living animals [49, 50] , which is not considered as real in vivo imaging. In addition, the relatively short emission wavelength of the dye molecules used is not appropriate for in vivo imaging, either. The combination of near-infrared fluorescent dyes and the corresponding paired quencher could be used an alternative. Another shortcoming of this system is that without the use of a vectorization agent, naked oligonucleotides will not enter the cells of interest. By using a vectorization agent such as nanoparticles, the pharmacokinetics of the nano delivery system will deeply affect the whole-body detection of the miRNAs. Thus, imaging probes that are more biocompatible and deliverable need to be developed for real-time in vivo imaging of miRNAs.
No single imaging modality is sufficient to provide all details as each modality has its own limitations. To harness the strengths of different imaging methods, multimodality imaging has become attractive for both preclinical and clinical studies. Multimodality imaging enables the combination of anatomical, functional and molecular information by combining images from different modalities taken at the same point. This strategy combines the strengths of different modalities and yields a hybrid imaging platform with characteristics superior to those of any of its constituents alone [53, 54] . Therefore, study of the expression pattern of miRNAs by the application of multimodality imaging will be a promising future direction. However, there are still some concerns about clinical transfer and biocompatibility when multimodality imaging is used; for example, reporter gene systems involve genetic modification of the studied object, and MB nanoparticles are often toxic and do not distribute homogeneously in the body.
In conclusion, molecular imaging techniques are a powerful tool for noninvasive monitoring of the in vivo dynamics of miRNAs, including their localization patterns, production profiles and functional actions. Such techniques will advance our understanding of the regulatory networks of miRNAs in both malignant diseases and other pathological pathways, and eventually improve our ability to use miRNAs as diagnostic and therapeutic agents.
